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 Nematodes are non-target organisms of agricultural antibiotic applications.
 Most life-history traits of C. elegans were not adversely impacted by sulfamethoxazole.
 However, the initial reproduction was considerably delayed.
 For r-strategist populations, reduced initial reproduction could be risky.a r t i c l e i n f o
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The widespread usage of antibiotics in agriculture leads to releases into the environment, but there is
insufﬁcient knowledge of the side-effects on non-target organisms. Therefore, we investigated the effects
of the sulfonamide-antibiotic sulfamethoxazole (SMX) on Caenorhabditis elegans at phenotypic, biochem-
ical and molecular biological levels. Multiple endpoints, including life history traits, thermal stress resis-
tance and lipid peroxidation, as well as gene expression proﬁles, were determined after exposure of the
nematodes to SMX. In contrast to expectations, SMX prolonged the lifespan and increased both the body
size and pharynx pumping rate. On the other hand, SMX delayed reproductive timing and caused lipid
peroxidation. The total number of offspring and thermal stress resistance were unaffected. The up-regu-
lation of hsp-16.1 indicated stress in general and the increased lipid peroxidation oxidative stress in par-
ticular. This oxidative stress indicated that mitohormesis was the likely cause of the longevity and that
enhanced pumping frequency was probably the reason for the increased growth. The sole adverse effect
was delayed initial reproduction. This delay, however, can be crucial for r-strategists, such as the bacte-
rivorous model animal used, in sustaining their populations in the environment in the presence of pre-
dators. Bacterivorous animals, in turn, are essential to maintaining nutrient recycling via the microbial
loop.
Crown Copyright  2013 Published by Elsevier Ltd. All rights reserved.1. Introduction
The use of antibiotics is prevalent in the agricultural and live-
stock industries and has increased in many countries. Antibiotics
are only partially removed in waste water treatment plants (Carba-
lla et al., 2004). Hence, with increasing usage, antibiotics are inev-
itably discharged into the environment via wastewater efﬂuent,
disposal of expired pharmaceuticals, excretion in the original or
metabolized forms (Kemper, 2008), or by amendment of soils with
manure (Kumar et al., 2005). Accordingly, high concentrations of
sulfonamide concentrations of up to 20 mg/kg have been foundin liquid manure samples (Haller et al., 2002). The effects of antibi-
otics exposure on soil microorganisms have been discussed in sev-
eral studies (Thiele-Bruhn, 2003). Adverse effects have been found
on microbial biomass and activity (Thiele-Bruhn and Beck, 2005),
and as well as the development of antibiotic resistances in bacte-
rial communities (Schmitt et al., 2005). While the impact of antibi-
otics on microbial communities in the environment is beginning to
be understood (Demoling et al., 2009), the potential side effects on
non-target organisms such as soil invertebrates remain uncertain,
probably due to insensitive toxicity endpoints. In a comparative
study, acute toxic effects on aquatic model organisms such
as the cladocerans Daphnia magna and Moina macrocopa followed
the sequence: neomycin > trimethoprim > sulfamethoxazole
(SMX) > enroﬂoxacin (Park and Choi, 2008).
If non-target organisms are considered, most studies have ap-
plied phenotypic life-history trait variables, and therefore
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limited. Furthermore, it is well understood that gene expression
is much more sensitive than phenotypic variables (Menzel et al.,
2001). Consequently, we expected to ﬁnd that, by identifying spe-
ciﬁc gene classes and pathways, it would be possible to detect the
response of nematodes after exposure to antibiotics. This approach
was tested with SMX. Knowledge about side-effects gains particu-
lar signiﬁcance in the case of bacterivorous invertebrates, because
they facilitate and sustain internal nutrient recycling in the soil
(Coleman, 1994). Provided that both the bacteria and the bacteriv-
orous invertebrates are adversely affected by antibiotics, a reduc-
tion or even breakdown of the nutrient recycling must be
suspected (Cheng et al., 2011).
Sulfamethoxazole is a type of sulfonamide antibiotic commonly
used for preventing and treating urinary tract infections, sinusitis,
toxoplasmosis and for the promotion of livestock growth (Thiele-
Bruhn, 2003). SMX is one of the most commonly detected antibiot-
ics in the environment and it is characterized as relatively unreac-
tive to soil surfaces and shows high mobility in soils (Chen et al.,
2011). Furthermore, SMX is continuously introduced into the envi-
ronment (Hernando et al., 2006) thus, at least constant environ-
mental concentrations can be expected. Moreover, lower removal
rates of SMX than of other antibiotics in wastewater treatment
facilities (Xu et al., 2007) and its relatively low adsorption to
sludge, soils, and sediments (Drillia et al., 2005; Xu et al., 2009) in-
crease the environmental risk of this antibiotic. Although the re-
ported effects of SMX concentrations on non-target organisms
(Isidori et al., 2005; Park and Choi, 2008) were much higher than
its environmental concentration, the ecological risk of SMX re-
mains unclear and requires urgent consideration, particularly gi-
ven that SMX is mutagenic (Isidori et al., 2005).
The popular model organism C. eleganswas chosen to assess the
effects of SMX, because it possesses a short life cycle and short life-
span and can be easily cultured and preserved (Byerly et al., 1976).
Moreover, this nematode possesses numerous highly sensitive pol-
lutant-inducible genes (Custodia et al., 2001; Menzel et al., 2001).
Due to its toxic potential for bacteria and cladocerans, we expected
that SMX could also display adverse effects towards this model
animal. As with any xenobiotic chemical, SMX is supposed to in-
duce oxygen activation and subsequent oxidative stress (Steinberg,
2011); hence, lipid peroxidation can be expected in exposed ani-
mals. Transcriptomics analysis of selected genes will provide in-
sights into the major stress response pathways. These genes
include common stress genes (coding for stress defense proteins,
biotransformation enzymes and major antioxidant enzymes) as
well as genes encoding DNA repair proteins and one homolog to
the human tumor suppressor P53. Very recently, SMX concentra-
tions of 400 lM were reported to be detrimental to nematode
behavior (Yu et al., 2011) and the transgenerational effects of
800 lM sulfonamides on the nematode progeny indicated that
parental exposure can multiply the harmful effects of antibiotic
pollution in following generations and their potential ecological
risks at environmental concentrations were further raised (Yu
et al., 2013); we expected our approach to reveal concentrations
well below this value to have effects.2. Materials and methods
2.1. C. elegans and Escherichia coli culture condition
The C. elegans wild-type strain N2 (var. Bristol) was maintained
at 20 C on NGM agar plates and fed with the E. coli strain OP50
(Brenner, 1974). The worms and bacteria were obtained from the
Caenorhabditis Genetics Centre (University of Minnesota). Unless
otherwise stated, bacteria were killed prior to usage using60 min exposure to UV at 312 nm irradiation (Fluo-Link FL-20-M,
Bachofer, Reutlingen, Germany). Nematodes were synchronized
through egg preparation with sodium hypochlorite (Roth, Kar-
lsruhe, Germany) (Strange et al., 2007).
2.2. Exposure to SMX
SMX was obtained from Bio Basic Inc. (Markham Ontario, Can-
ada). Dimethylsulfoxide (DMSO; Applichem, Darmstadt, Germany)
was used as a solvent with a ﬁnal concentration of 0.3% (v/v). SMX
or DMSO for the control plates was added to the NGM and the
OP50 bacteria, respectively. 0, 100, 200, and 400 lM SMX solutions
were applied. The higher concentration of SMX was selected to
provide maximum sensitivity as an initial test.
2.3. Lifespan assay
L4 larvae of the parental generation (P0) were transferred using
a platinum wire to NGM plates containing SMX and DMSO, respec-
tively. L4 larvae of the following generation (F1) were transferred
to small plates, with approximately 15 animals per plate. Two
independent trials were performed for each experimental condi-
tion, each comprising ten small agar plates. Surviving and dead
animals were counted daily (starting from the ﬁrst day of adult-
hood) until all individuals were dead.
2.4. Reproduction
L4 larvae of the F1 generation were transferred individually to
treatment plates. Ten nematodes were used per concentration
and moved to a fresh plate each day until reproduction had been
completed in four independent trials. The total offspring of each
individual animal was counted once grown to the L2 or L3 stage.
Furthermore, initial reproduction was assessed to test if exposure
to SMX leads to delayed reproduction. On the second day of adult-
hood, 20 animals of P0 were transferred to either control or treat-
ment plates and removed after 60 min. The point at which
nematodes were removed (t0) was noted. After 2 days the offspring
(F1) were separated onto small plates and the number of offspring
per nematode was counted (F2) after 85 h (from t0).
2.5. Growth alterations
A minimum of 30 nematodes of the F1 generation per concen-
tration and trial (n = 3) were cultured for the growth assay. Treated
and untreated F1 nematodes were synchronously selected at the L4
stage and measured at the ﬁrst day of adulthood. The length of
each individual was determined by means of a microscope with
a graduated eyepiece following killing them by exposure to a tem-
perature of 45 C for two hours.
2.6. Pharyngeal pumping rate
On the sixth day of adulthood, videos of the pharyngeal pump-
ing were recorded using a Digital Microscope VHX-600DS50 (Key-
ence Corporation, Osaka, Japan). The pumping frequency of
randomly selected F1 nematodes was counted three times over a
15 s time span at 100 magniﬁcation. A total of 15 nematodes
per concentration were used for counting the pharyngeal pumping
rate in each trial (n = 3).
2.7. Thermal stress resistance
L4 animals (generation F1) were transferred onto either control
or SMX plates. On the ﬁrst day of adulthood, treated and untreated
nematodes were transferred to a temperature of 35 C for 7 h.
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mal resistance test was performed using approximately 200 nem-
atodes for each concentration in eight trials.
2.8. Lipid peroxidation
Lipid peroxidation was determined using a malondialdehyde
(MDA) equivalent, which was quantiﬁed as thiobarbituric acid
reactive substances (TBArS) (Heath and Packer, 1968). The relative
protein content was determined with Bradford reagent (Sigma Al-
drich, Taufkirchen, Germany) (Bradford, 1976). The results were
expressed as mM MDA (mg protein)1. All measurements were
performed in six trials. SMX may interfere within the protein
determination and to lead to apparent protein concentrations. This
issue will be discussed below.
2.9. Pro-oxidant capacity
The water-soluble superoxide anion radical scavenging capacity
(SASC), quantiﬁed by photochemiluminescence (Photochem, Anal-
ytikJena, Jena, Germany), was used for determining the pro-oxi-
dant capacity of SMX (Popov and Lewin, 1999). Only
concentrations of optimal analytical operation of the device were
used for this test. 8.44 mg SMX was dissolved in 1 mL DMSO and
different dilutions were used. The antioxidant capacity of the
SMX-DMSO solution and DMSO alone was respectively quantiﬁed.
Furthermore, SMX was also tested in a mixture with the known
antioxidant quercetin (Q) (Rice-Evans et al., 1996). Therefore,
0.33 lM Q was mixed with 2.67, 5.33 and 10.66 lM SMX. Q was
tested on its own with DMSO in the same amounts used for
SMX-solutions to ensure that DMSO was not the reason for any
changes that occurred. Measurements were performed in
triplicate.
2.10. RNA preparation and cDNA synthesis
Synchronized animals were harvested on the ﬁrst day of adult-
hood. Then, 100 lL of the lysis buffer RL (innuSPEED tissue RNA
Kit, AnalytikJena, Jena, Germany) were added to the pellet, and
the tubes were shock frozen in liquid nitrogen and stored at
80 C. Frozen worm samples were disrupted in a ‘SpeedMill
P12’ homogenizer (AnalytikJena, Jena, Germany) using 0.5 mm
glass beads. The RNA was isolated with the innuSPEED tissue
RNA Kit (AnalytikJena, Jena, Germany) and electrophoresis was
performed subsequently to prove RNA integrity. In addition, the
purity and yield were measured photometrically with an absorp-
tion quotient of 260 nm/280 nm  2. The cDNA synthesis was car-
ried out with about 1500 ng mL1 of RNA and the M-MLV revertase
(Harris et al., 2010) (Promega, Madison, USA).
2.11. qRT-PCR
Primers were designed according to the genome sequence of C.
elegans (www.wormbase.org); for more details see the Supple-
ment. Quantitative real-time PCR was performed in a MyiQ5 single
color qPCR detection system (BIO-RAD, Dreieich, Germany) using
the double-stranded DNA intercalating ﬂuorescent agent EvaGreen
(Jena Bioscience, Jena, Germany) for detection. Each well contained
a qPCR Green Core Kit (Jena Bioscience, Jena, Germany), 200 nM of
each primer pair and a cDNA template equivalent to 5 ng RNA
starting material. Signals were normalized using two different ref-
erence genes (act-1 and cdc-42) as an invariant internal control.
The relative expression of the target genes was calculated using
the comparative 2DDCt method (Livak and Schmittgen, 2001).
The gene expression proﬁles were performed in triplicate. Gel elec-
trophoresis was performed in order to check the quality of the ob-tained PCR product and the efﬁciency of each primer pair was
determined. Details are provided in Table S1 of the Supporting
Information.
We selected genes coding for: heat shock proteins (hsp-16.1,
hsp-70, daf-21); putative biotransformation enzymes (cyp-34A9,
cyp-35B1, gst-4, gst-5, gst-10, gst-38, gst-42) with a majority of glu-
tathione transferases; antioxidant enzymes, such as the cytosolic
CuZnSOD (sod-1) which contributes up to 80% of the total SOD
activity during normal development (Doonan et al., 2008), and cat-
alase (ctl-1); apoptosis-related genes (cep-1 and pgrn-1); and DNA-
damage responsive genes (egl-1 and rad-51).
2.12. Statistical analysis
All tests comprised at least two or, mostly, more independent
experimental trials. The statistical signiﬁcance of alterations in
the mean lifespan was calculated by using a log-rank test (Bioinfor-
matics at the Walter and Eliza Hall Institute of Medical Research;
http://bioinf.wehi.edu.au/software/russell/logrank). Mean values
were also calculated for minimum and maximum lifespan, daily,
initial, and total reproduction, body length, and the pharyngeal
pumping rate, respectively, and statistical signiﬁcance was calcu-
lated by a one-way ANOVA (analysis of variance; Sigma Stat 3.5;
SPSS Inc., Chicago, IL, USA). Differences were considered signiﬁcant
at *p < 0.05 and **p < 0.001. Mean survival rates and percentage
changes to controls were calculated for the thermal stress resis-
tance, and the statistical signiﬁcance was identiﬁed using a chi-
square test (Sigma Stat 3.5; SPSS Inc., Chicago, IL, USA.). Gene
expression was considered signiﬁcantly different if both, *p < 0.05
or **p < 0.005 (one-way ANOVA, Sigma Stat 3.5; SPSS Inc., Chicago,
IL, USA), and the expression of the same gene was at least a factor
of 2 higher or lower than in the control sample.3. Results and discussion
Exposure of C. elegans to the pro-oxidative antibiotic SMX had
positive effects on lifespan, body growth and pharyngeal pumping
rate, but did not increase thermal stress resistance or modulate
reproductive capacity. These results were contrary to our expecta-
tions. On the other hand, exposure did lead to lipid peroxidation,
which was consistent with our expectations.
3.1. SMX extended lifespan
When live bacteria were used as a food source, SMX signiﬁ-
cantly extended the mean lifespan of C. elegans by percentages of
18%, 25% and 31%, corresponding to 100, 200 and 400 lM
(Fig. 1A), respectively. Because the production of deleterious
metabolites by proliferating E. coli bacteria can provoke harmful ef-
fects in C. elegans, it has been suggested that nematodes gain
health beneﬁts if the food bacteria are debilitated by antibiotics
(Gems and Riddle, 2000). A possible lifespan-extending mecha-
nism of SMX could, therefore, be based on the inhibition of bacte-
rial growth and production of toxic metabolites. However, even
after feeding dead OP50 mixed with 100 lM, 200 lM, and
400 lM of SMX, nematodes still exhibited mean lifespan exten-
sions of 18%, 28%, and 34%, respectively, which was similar to the
results found for live bacteria (Fig. 1B). Thus, the effect of SMX
on the lifespan was unlikely to have been coupled to the prolifer-
ation of E. coli bacteria. Moreover, as shown in Fig. 1C, a positive
correlation was found between lifespan extension and SMX con-
centration with both UV-killed bacteria (Pearson Correlation
r = 0.918, n = 4, p = 0.041) and live bacteria (Pearson Correlation
r = 0.906, n = 4, p = 0.047). Thus, the strongest effect was observed





















































SMX  concentration, µM
UV-killed OP50
Alive OP50
Fig. 1. Lifespan of C. elegans for three different SMX concentrations with two feeding scenarios. (A) Lifespan during feeding on live E. coli. (B) Lifespan during feeding on UV-
killed E. coli. (C) The percentage changes in mean lifespan compared to the untreated control (=100%). Each value corresponds to the average of two independent and
consistent experiments. The differences compared to the control were signiﬁcant at p < 0.05 () and p < 0.001 ().
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characteristic hormetic dose–response curve was neither detected
in the lifespan assays of SMX, since all tested concentrations pro-
moted longevity, nor in any other of the tested endpoints. It is pos-
sible, however, that higher concentrations would lead to toxic
effects and the dose–response curves are highly distorted or
stretched. Whether this should be counted as hormesis remains
doubtful, the toxic concentration may lie above the tested concen-
trations. Thus, SMX is still considered a non-hormetically acting
substance.3.2. SMX led to unchanged brood-size but delayed initial reproduction
SMX-treated animals showed no change in brood-size (Fig. 2A),
whereas reproductive timing did seem to be affected, as was indi-
cated by the variation on the fourth reproduction day. Indeed, this
result was conﬁrmed by detecting a delay in the initial reproduc-
tion (Fig. 2B). In nature, most animals do not die because of age,
but rather early in life due to predation or adverse environmental
conditions and, therefore, they have to reproduce as fast and as
much as possible before death occurs. Any delay in the onset of
reproduction implies that the animal has reduced chances of main-
taining a viable population in nature (Roff, 2001). Such subtle, but
ecologically signiﬁcant changes in C. elegans were also observed
with natural polyphenols (Saul et al., 2011).3.3. SMX increased body length
SMX-treated animals grew better than control animals (Fig. 2C),
although SMX led to lipid peroxidation (Fig. 3B). The corresponding
repair process did not obviously require high amounts of energy,
because lifespan (Fig. 1A and B), growth (Fig. 2A), and reproduction
(Fig. 2C) were not adversely affected. Rather, these life trait vari-
ables remained unchanged or were even extended, at least during
ad libitum feeding conditions.3.4. SMX enhanced the pharyngeal pumping
The pharyngeal pumping rate provides information about the
amount of consumed food. SMX-treated animals showed an in-
creased pumping rate on the sixth day of adulthood (Fig. 2D),
and the enhanced food intake resulted in an increased availability
of energy, which was apparently allocated mainly to growth
(Fig. 2A). This agreed well with model results, where growth is
shown to be strictly connected with the amount of consumed food
(Jager et al., 2005).
3.5. SMX had a pro-oxidative potential
SMX had a pro-oxidative potential indicated by the reduced
antioxidative capacity of Q in mixtures (Fig. 3C). This pro-oxidative
property of SMX led to lipid peroxidation in C. elegans when ex-
posed to higher concentrations (Fig. 3B). SMX may lead to in-
creased apparent protein values per sample. If so, the
corresponding MDA values would decrease. Conversely, since the
MDA values of SMX treated samples are increasing with increasing
SMX concentrations instead, the interference seems to be negligi-
ble and the prooxidative action of SMX in C. elegans is evident.
Moreover, the Bradford assay with pure SMX (400 lM) led to
apparent protein values of less than 1 lg/ml (Data not shown),
which is, in consideration of the much higher total protein content
of the nematode samples and of the low SMX-content due to wash-
ing steps prior the protein measurement, a negligible error.
Additionally, no increased thermal stress resistance was ac-
quired (Fig. 3A). However, this change in the redox homeostasis
did not induce transcription of either sod-1 or ctl-1 (Tables 1 and
S2). If the antioxidative response of C. elegans is transcriptionally
controlled, it is conceivable that other SODs than the cytosolic
CuZnSOD studied are involved in this response. Nevertheless, the
lipid peroxidation at the higher SMX concentrations points to an
oxidative stress. The recently emerged mitohormesis hypothesis
is a convincing explanation for increases in the lifespan of exposed
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Fig. 2. Effect of SMX on reproduction, body length and pharyngeal pumping rate. (A) Daily reproduction and total offspring numbers of overall 40 animals in four individual
experiments per treatment. (B) Offspring of overall 30 animals, in two independent experiments, counted 85 h after the egg stage. (C) Body length of 270–309 individuals per
concentration on their ﬁrst day of adulthood. (D) On the sixth adult-day, the pumping activity was observed for 15 s for 20 animals per concentration in three independent
trials. The bars represent the means of all individual trials and the error bars represent the standard error of the mean (SEM). Differences to the control (0 lM) were signiﬁcant
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Fig. 3. Survival rate of C. elegans after thermal stress, lipid peroxidation after SMX exposure, and superoxide anion radical scavenging capacity (SASC) of SMX. (A) Thermal
stress resistance: Nematodes were transferred to a temperature of 35 C for 7 h on the ﬁrst day of adulthood. Thereafter, live and dead animals (192–218 individuals) per
concentration were counted in eight independent trials. (B) Lipid peroxidation: Homogenized nematodes were analyzed for TBArS in six independent experiments with a
total of approximately 3000 worms on the ﬁrst day of adulthood per treatment and per trial. (C) The decline of superoxide anion radical scavenging capacity (SASC) of
Quercetin (Q) by SMX was quantiﬁed by ascorbic acid equivalents in three independent experiments. The bars represent the mean values of all the individual trials with the
standard error of the mean (SEM). Differences to the control were signiﬁcant at p < 0.05 ().
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of reactive oxygen production leads to improved health and lon-
gevity (Ristow and Schmeisser, 2011). However, the exposure con-
centrations applied did not reach the toxic effect range.3.6. Transcription of hsp-16.1 and gsts was modulated
SMX increased the expression of the heat shock protein hsp-16.1
in a hormetic way (Tables 1 and S2), with an intensive up-regula-
Table 1
The gene expression of SMX-treated C. elegans in each trail.
Con.           
Gene
Gene expression
RT-PCR n = 3

















Each circle represents the gene expression of each trial. The colors correspond to the different expressed level compared
to the control. The gene expression was considered to be signiﬁcantly different if both, thresholds of P2.0-fold and
60.50-fold difference between the reference and experimental samples, and p < 0.05 () or p < 0.005 () were reached. In
addition, Table S2 in the supporting information summarizes the results from the three independent experiments. The
performed statistical analysis has limited relevance, as only three data for each gene per concentration were available.
: P2.00-fold increase; : 60.50-fold decrease; : no change.
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tration had little effect on the induction. For details about horme-
sis, refer to Calabrese (2005). It is understood that up-regulation,
particularly of small HSPs such as hsp-16.1, plays a key role in lon-
gevity in C. elegans (Hsu et al., 2003). On the other hand, hsp-70 and
daf-21 (hsp90 member) were slightly down-regulated, indicating a
minor signiﬁcance in the anti-aging pathway. This is consistent
with the non-uniform results for the involvement of large HSPs
as anti-aging agents (Sørensen et al., 2003).
Transcript modulation of the selected cytochrome P450s (CYPs),
cyp-34A9 and cyp-35B1, was not detectable (Tables 1 and S2). These
cyp-forms were selected because a previous study indicated that
these genes were inducible by several xenobiotics (Menzel et al.,
2001). However, since CYPs are very speciﬁc and the nematode
possesses numerous CYPs, there might be another CYP responsible
for conjugating SMX. Alternatively, since SMX possesses several
functional groups, there is probably no need to functionalize it
any further via CYPs. Rather, one conjugating gene (gst-4) showed
a trend toward up-regulation (Tables 1 and S2), and thus the en-coded enzyme might conjugate glutathione to SMX, which needs
to be proven by further chemical analysis. However, it remains
uncertain why other gst-genes are down-regulated (Tables 1 and
S2).
3.7. SMX introduced DNA damage
The key activator of apoptotic cell death, egl-1, was signiﬁcantly
up-regulated at the lowest SMX concentration, indicating DNA
damage (Tables 1 and S2) (Peden et al., 2008). Since egl-1 depends
upon the tumor suppressor homolog gene, cep-1, the transcription
of this gene coincided with egl-1 (Tables 1 and S2). Furthermore,
there was a tendency for increased transcription of rad-51, which
encodes a part of the DNA repair machinery (Roeder, 1997). How-
ever, it remains uncertain whether the probable genotoxic poten-
tial of SMX (Isidori et al., 2005) is also detectable by C. elegans
transcriptomics, because the transcription of a homolog of another
tumor-suppressing gene (Bateman and Bennett, 2009), pgrn-1,
remained unchanged after SMX exposure (Tables 1 and S2).
S. Liu et al. / Chemosphere 93 (2013) 2373–2380 2379Nevertheless, the lowest SMX concentration applied revealed sig-
niﬁcant changes in the transcript pattern and lay signiﬁcantly be-
low the lowest effect concentration of recent evaluation of
behavior toxicity (Yu et al., 2011).
4. Conclusion
Applying classical toxicity endpoints such as lethality, it has of-
ten been the case that no effects of antibiotics are found in non-tar-
get organisms (Baguer et al., 2000; Jensen et al., 2003; Fernández
et al., 2004). More sensitive toxicity endpoints, however, such as
life expectancy at birth, growth, net reproductive rates (R0), gener-
ation time and population growth rate (r), should be applied, be-
cause they affect the entire ecosystem functioning (Roff, 2001).
Effects on the age of ﬁrst reproduction have been found for cladoc-
erans: neomycin, trimethopirm, enroﬂoxacin and sulfathiazole all
affected the ﬁrst day of reproduction of the pond cladoceran D.
magna in a dose-dependent way and led to lower R0 and r values;
whereas the reproduction pattern of M. macrocopa was only af-
fected by neomycin (Park and Choi, 2008). In the present study,
SMX delayed the initial reproduction of C. elegans, which can result
in lower R0 and r values.
Contrary to our expectations, SMX was not directly toxic to C.
elegans. Rather, it led to increased lifespan and growth and en-
hanced pumping activity, but reduced the initial reproduction.
The current effect concentrations in C. elegans were approximately
three orders of magnitude above the effect concentrations reported
for microbial communities (Underwood et al., 2011; Haack et al.,
2012). However, due to the adsorption of SMX to organic and inor-
ganic soil solids (Leal et al., 2013) we believe that such hotspots
will reach the C. elegans-level. This can be adverse in term of nutri-
ent recycling. As a bacterivorous feeder, however, the extended life
span and increased food intake of exposed C. elegansmay compen-
sate, at least in part, for the adverse effects on microbial activity. In
the environmental realm, bacterivorous animals comprise the sec-
ond trophic level of the detritus food chain, followed by predators.
Under threat of predation, potential prey organisms have to repro-
duce as soon and as numerously as possible. An antibiotic-medi-
ated delay in the initial reproduction, however, may place the
corresponding population at risk of extinction, with the conse-
quence of further reductions in nutrient recycling. This Gordian
knot can only be untied in the context of microcosms or ﬁeld plot
studies and the present study gives the ﬁrst and fundamental in-
sights into SMX’s multifaceted functions in relation to a non-target
organism.
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